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and most recently, graphene and chemi-
cally modifi ed graphene have been con-
sidered as promising high performance 
electrode. [ 11–18 ] A single-layer graphene 
is  zero-gap semimetal, with high elec-
tronic conductivity, i.e., approaching that 
of metals. Graphene may be synthesized 
as transparent electrode, well competing 
with the most expensive commercial ITO 
(indium tin oxide). [ 19,20 ] Moreover, the 
strong in-plane C–C σ-bonds hold up a 
great enhancement of the Young’s mod-
ulus, fracture strength [ 21 ] and hardness, 
in comparison to typical carbon steel. [ 22–24 ] 
Further studies demonstrated the suit-
ability of graphene as negative electrode in 
replacement of the commercial graphite 
anode in lithium-ion battery. Indeed, it has 
been reported that graphene can accom-
modate Li-ions on both sides, [ 25 ] thus 
giving rise to a capacity two times higher 
than that of graphite, i.e., 744 versus 
372 mAh g −1 , corresponding to the forma-
tion of LiC 3 instead of LiC 6 , respectively. 
However, an electrode formed by single 
graphene layer may deliver a very limited 
practical capacity due to an extremely low 
tap-density, not suitable for battery application. [ 26,27 ] Further-
more, recent studies evidenced that a graphene single layer 
follows only in part the predicted reaction mechanism with 
lithium, due to strong repulsion forces between the Li + ions 
at both sides, while few layers may have satisfactory electro-
chemical performance in terms of Li-uptake mechanism and 
delivered capacity. [ 28,29 ] These properties triggered increasing 
interest on electrodes formed by multiple graphene layers, 
instead of single layer, that are expected to have a higher mass 
density and practical capacity. Graphene nanoplatelets (GNPs) 
represent a hybrid system offering a variety of exploitable 
properties and being already deliverable on an industrial scale 
(tones/year). As far as it concerns, the graphene nanoplatelets 
herein reported, following indicated by the acronym GNPs, 
refer to a mix of particles of various sizes, differing both in 
terms of lateral dimension and thicknesses. Indeed, the GNPs 
reported here are characterized by a lateral dimension ranging 
from 200 nm to 5 µm, and thickness between 0.34 and 8 nm. 
The nanoplatelets are characterized by low lattice-defect ratio 
and absence of functional groups. This characteristic mor-
phology and the contemporary high crystals quality make our 
 A Cu-supported, graphene nanoplatelet (GNP) electrodes are reported a as 
high performance anode in lithium ion battery. The electrode precursor is an 
easy-to-handle aqueous ink cast on cupper foil and following dried in air. The 
scanning electron microscopy evidences homogeneous, micrometric fl akes-
like morphology. Electrochemical tests in conventional electrolyte reveal a 
capacity of about 450 mAh g −1 over 300 cycles, delivered at a current rate as 
high as 740 mA g −1 . The graphene-based electrode is characterized using a 
N-butyl-N-methyl-pyrrolidiniumbis (trifl uoromethanesulfonyl) imide, lithium-
bis(trifl uoromethanesulfonyl)imide (Py 1,4 TFSI–LiTFSI) ionic liquid-based 
solution added by ethylene carbonate (EC): dimethyl carbonate (DMC). The 
Li-electrolyte interface is investigated by galvanostatic and potentiostatic 
techniques as well as by electrochemical impedance spectroscopy, in order to 
allow the use of the graphene-nanoplatelets as anode in advanced lithium-ion 
battery. Indeed, the electrode is coupled with a LiFePO 4 cathode in a battery 
having a relevant safety content, due to the ionic liquid-based electrolyte 
that is characterized by an ionic conductivity of the order of 10 −2 S cm −1 , a 
transference number of 0.38 and a high electrochemical stability. The lithium 
ion battery delivers a capacity of the order of 150 mAh g −1 with an effi ciency 
approaching 100%, thus suggesting the suitability of GNPs anode for applica-
tion in advanced confi guration energy storage systems. 
 1.  Introduction 
 The rapid development of the electric vehicles market trig-
gered increasing energy density demand and large interest on 
alternative materials for lithium-ion battery, in replacement 
of the conventional lithium cobalt oxide cathode and graphite 
anode. Among the negative electrodes, lithium metal alloys, 
such as lithium–tin (Li–Sn) [ 1–3 ] and lithium–silicon (Li–Si), [ 4–10 ] 
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GNPs suitable material for battery application, i.e., providing 
a satisfactory tap-density, an enhanced Li-uptake mechanism, 
and a good transport property. 
 Despite several promising theoretical predictions, only few 
examples of graphene application in effi cient lithium-ion bat-
tery have been so far reported. [ 18,30–32 ] Furthermore, graphene-
based electrodes evidenced several issues in lithium battery, 
such as the very high irreversible capacity during the fi rst 
cycles, due to an irregular solid electrolyte interphase (SEI) fi lm 
formation, a severe capacity decay during cycling and a reaction 
mechanism still to be verifi ed. [ 32 ] 
 Herein, we reported a fi rst example of Cu-supported gra-
phene nanoplatelets anode in an effi cient lithium ion battery 
using LiFePO 4 (LFP) cathode and nonfl ammable,  N -butyl-
 N -methyl-pyrrolidiniumbis (trifl uoromethanesulfonyl) imide, 
lithium-bis(trifl uoromethanesulfonyl)imide (Py 1,4 TFSI–LiTFSI) 
electrolyte added by a proper ratio of ethylene carbonate (EC)–
dimethyl carbonate (DMC). [ 33 ] The EC–DMC addition within 
the electrolyte was aimed to reduce the viscosity of the solution, 
thus favoring the electrode–electrolyte interface properties and 
enhancing the Li-transference number. Ionic liquid (IL)-based 
electrolytes are presently characterized by high cost; however, 
it is expected that commercial diffusion of this promising elec-
trolyte may signifi cantly reduce the cost to a level comparable 
to common, carbonate-based electrolytes. The novelties offered 
by our cell comprise: (1) the use of graphene nanoplatelets 
already produced on an industrial scale; (2) a simple anode 
preparation procedure consisting in a direct casting of a water-
based GNPs dispersion, thus avoiding slurry preparation and 
organic-solvent based processing; (3) the use of nonfl ammable 
and intrinsically safe IL-based electrolyte; and (4) a very prom-
ising electrochemical cell performances. Even remarking that 
an accurate cost-analysis is not available at the present stage, we 
may assume a reduction of the anode side cost due to the use 
of a ready-to-use solution for electrode preparation, without the 
employment of binder, solvents, conducting agent, or complex 
fabrication procedures. All these features, and the good stability 
of the cathode, allowed the achievement of high effi ciency and 
energy density, as well as remarkable safety content, making 
the cell of sure interest for the lithium-ion battery community. 
 2.  Results and Discussion 
 The graphene nanoplatelets water-based dispersion used in this 
work has been prepared by Directa Plus following the method 
described within the international patent application. [ 34 ] The 
dispersion has a GNPs concentration of 200 g L −1 which is sta-
bilized by the presence of an anionic surfactant, in a concen-
tration of 20 g L −1 . GNPs have a lateral dimension on average 
below 5 µm and a thickness on average below 8 nm. The gra-
phene nanoplatelets structure and morphology have been char-
acterized by scanning electron microscopy (SEM), Raman, and 
thermal gravimetric analysis (TGA) techniques, respectively. 
 Figure  1 a reports the SEM image of the GNPs water-based dis-
persion deposited on a SiO 2 substrate. The image shows a lat-
eral dimension of the GNPs within the micrometers range and 
a thickness within the nanometers range. The aspect-ratio (lat-
eral dimension versus thickness) shows an average extending 
up to 1000. Figure  1 b, reporting the Raman spectrum, high-
lights remarkable crystallinity and low defectivity of the GNPs 
that is confi rmed by the narrow G peak at 1583 cm −1 and by the 
small D peak, associated to defects and edges of the platelets. 
The low intensity-ratio between the two previous peaks, i.e., an 
 I (D)/ I (G) lower than 0.2, likely suggests a reduced amount of 
lattice defects; however, further experiments are required in 
order to clarify this aspect. The Raman spectrum also reveals 
a 2nd order peak with two-components (already known as 
2D-peak), revealing the pristine nature of the GNPs. [ 35 ] The 
intensity ratio between the two components confi rms that 
our system is mainly composed by few layers. [ 36 ] Figures  1 c,d, 
reporting the TGA under air and the corresponding derivative 
curve of the GNPs water-dispersion, show a thermal stability 
extending up to 500 °C. The fi rst weight decay, at about 
100 °C, is attributed to the water loss, while the peak at about 
550 °C is most likely due to the oxidative degradation of the 
carbon matrix, as indeed evidenced by the inset of Figure  1 c. 
 We have preliminary characterized the GNPs anode in LP30 
electrolyte (EC–DMC 1:1, LiPF 6 1  M ) in order to provide an eval-
uation of the electrochemical behavior in a bare, conventional 
electrolyte considered as a standard condition. Figure  1 e shows 
the galvanostatic voltage profi les of the lithium half-cell cycled 
at a current as high as 744 mA g −1 , corresponding to the 1C-rate 
based on graphene electrode weight, theoretically following the 
reaction mechanism: 2Li + + 2e − + C 6 = 2LiC 3 . [ 25 ] To be noticed 
that the used current corresponds to a 2C-rate when referred 
to a conventional graphite electrode. The lithium cell delivers 
a capacity of about 715 mAh g −1 during the fi rst discharge that 
is stabilized to a value of about 460 mAh g −1 during the fol-
lowing cycles, i.e., a capacity exceeding by 25% the theoretically 
value ascribed to conventional graphite (i.e., 370 mAh g −1 ). The 
signifi cant irreversible capacity observed during the fi rst cycle 
is commonly attributed to side reactions induced by functional 
groups, oxygen atoms, hydrogen atoms, and eventual impu-
rities at the carbon electrode surface [ 37–39 ] and to electrolyte 
decomposition with consequent SEI formation. [ 40 ] We already 
demonstrated in previous papers that irreversible capacity of the 
graphene-based materials may be effi ciently reduced by direct 
treatment with lithium metal (see also Experimental Section), 
thus making the electrodes suitable for application in effi cient 
lithium-ion battery. [ 18,32 ] Despite the highly defective materials 
previously studied have greatly promoted the Li-uptake within 
the graphene, i.e., leading to a capacity approaching the theo-
retical value of 744 mAh g −1 , they were, however, characterized 
by a very large irreversible capacity during the fi rst cycles. [ 18,32 ] 
This is considered a severe issue and may be addressed by sev-
eral strategies including the reduction of the  I (D)/ I (G) ratio, 
as indeed reported in this work. The GNPs electrode is herein 
prepared by using an easy-to-handle casting procedure and 
characterized by higher loading in respect to the typical gra-
phene. This is considered a remarkable advantage in view of 
the application of graphene-based electrode in lithium-ion bat-
tery. Figure  1 f, reporting the charge/discharge cycling behavior 
of the cell in the conventional electrolyte, reveals a revers-
ible capacity of about 460 mAh g −1 with a very stable trend, 
extending up to 200 cycles, and of about 390 mAh g −1 up to 
300 cycles and a Coulombic effi ciency approaching 99% within 
steady state condition. 
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 Following, the GNPs electrode has been studied in a 
Py 14 TFSI–LiTFSI ionic liquid electrolyte solution added by the 
30% of EC–DMC that is characterized by lower fl ammability 
in comparison to the bare carbonate electrolyte and, contem-
porary, higher electrochemical performances in respect to a 
bare Py 14 TFSI–LiTFSI IL-electrolyte.  Figure  2 reports a com-
parison of the characteristics of the two electrolytes in terms 
of ionic conductivity, electrochemical stability and lithium 
transference number. The Arrhenius plots of the two solutions 
(Figure  2 a) show the effect of the EC–DMC-addition on the 
conductivity value that increases from 10 −3 to 10 −2 S cm −1 , at 
25 °C, considered suitable for application in high performance 
lithium-ion battery. Figure  2 b shows the time evolution of the 
overall resistance of Li-symmetric cells and, in inset, the cor-
responding impedance spectra, of the pristine and the EC–
DMC added electrolytes. The pristine electrolyte shows a typical 
resistance growth during the initial 10 h, followed by a drop 
associated to the SEI fi lm formation, partial dissolution and 
fi nal stabilization to a value of about 250 Ω, while the EC–
DMC-added electrolyte shows a slight growth during the initial 
5 h to a fi nal, stable resistance of about 200 Ω, thus suggesting 
the formation of an enhanced SEI fi lm compared to the pure 
IL-solution. The lithium plating–stripping profi les reported in 
Figure  2 c reveal a polarization limited to few mV for both elec-
trolytes, as clearly evidenced by the inset reporting the magni-
fi cation of the curves. However, voltage-spikes, most likely due 
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 Figure 1.  a) Scanning electron microscopy (SEM) image of the GNPs water-based dispersion deposited on a SiO 2 substrate. b) Raman spectrum of the 
GNPs. c) Thermal gravimetric analysis (TGA) in air with, in inset, a magnifi cation normalized excluding the water contribution and d) corresponding 
derivative curve. e) Voltage profi les at the 1st, 10th, 100th, 200th, and 300th cycles and f) cycling response of a Li/ LP30/GNPs cell using a current of 
744 mA g −1 .
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to dendrite formation in the cell using pure IL-electrolyte, are 
observed. Instead, the absence of dendrite formation within the 
cell using the EC:DMC-added electrolyte confi rms its favorable 
interface with lithium electrode and further supports the suit-
ability of the selected solution for application in lithium battery. 
The optimized SEI formed at the lithium side of the cell using 
the modifi ed, carbonate-added IL-electrolyte is fi nally con-
fi rmed by the lower polarization in comparison to the bare IL 
electrolyte (Figure  2 c), in full agreement with the lower resist-
ance observed in Figure  2 b. 
 Figure  2 d shows the curves used to determine the lithium 
transference number of the pristine IL (black) and the EC–
DMC added (red) electrolytes, according to the Bruce–Vincent 
method, i.e., the time evolution of the overall resistance of a 
Li-symmetric cell and, in inset, the corresponding impedance 
spectra. [ 41 ] The lithium transference number, t Li + , is calcu-
lated to be of about 0.25 for the pristine IL electrolyte and of 
0.38 for the EC–DMC added one. The increase of the lithium 
transference number by addition of EC–DMC to the ionic 
liquid is most likely due to the effect of a reduced viscosity of 
the solution in addition to a more favorable solvation of the 
lithium ions. The enhancement of the ionic conductivity, SEI 
stability, Li-transference number and compatibility with lithium 
metal, fi nally suggest the full compatibility of the studied elec-
trolyte for application in effi cient, high performances lithium-
ion battery. Furthermore, the low impedance values observed 
in Figure  2 as well as the stability of the electrode–electrolyte 
interphase revealed by the impedance evolution during time 
are expected to directly refl ect in an optimized behavior of the 
half and full cells both in terms of low cell polarization and of 
stability (see following paragraph). 
 The Py 14 TFSI–LiTFSI, EC–DMC-added solution has been 
then selected as the electrolyte to be characterized both in half 
lithium cell using the GNPs electrode and in full cell com-
bining the new anode together with a conventional, safe and 
low cost LiFePO 4 cathode.  Figure  3 a, reporting the steady-state 
galvanostatic voltage profi les of the lithium half-cell using the 
selected electrolyte and the GNPs electrode, used to verify the 
suitability of the anode within the new electrolyte, evidences 
a reversible capacity of about 450 mAh g −1 and an effi ciency 
increasing from 84% to 95% by the ongoing of cycles. The 
lower effi ciency of the cell using the new electrolyte in respect 
to conventional LP30 (see Figure  1 e), may be most likely attrib-
uted to the already reported possible decomposition of the 
Adv. Mater. Interfaces 2015, 2, 1500085
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 Figure 2.  Electrochemical characterization of the Py 1,4 TFSI–LiTFSI 0.2 m (black colored) and Py 1,4 TFSI added by 30% w:w of EC–DMC (1:1), 
0.2 m LiTFSI (red colored) electrolyte solutions. a) Arrhenius plot. b) Time evolution of the cell resistance and, in inset, corresponding Nyquist plot. 
c) Lithium deposition-stripping overvoltage and, in inset, curve magnifi cation. d) Current–time curve following a dc polarization of 20 mV and, in inset, 
impedance response before and after polarization.
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Py 14 TFSI–LiTFSI electrolyte in the low voltage region. [ 42 ] Fur-
thermore, the GNPs half-cell using the IL-based electrolyte 
shows a lower rate capability in respect to the one using the 
LP30 electrolyte, due to the lower lithium transference number. 
 Following, the high capacity GNPs electrode has been com-
bined with a LiFePO 4 cathode using the IL-based electrolyte. 
The cathode is bare electrode, already characterized in LP30 
(data not reported here). Figure  3 b, reporting the galvanostatic 
voltage profi les of a lithium half-cell using a LiFePO 4 cathode 
in IL-based electrolyte, highlights a stable capacity of about 
150 mAh g −1 and a slight increase of the charge–discharge 
polarization upon cycling, most likely attributed to the increase 
of the cell polarization due to the SEI fi lm formation at the 
lithium metal side and to a minor IL-oxidative decomposition 
at the higher potentials. Figure  3 c compares the capacity of the 
Cu-supported GNPs (bottom, red line) and of the LiFePO 4 (up, 
black line). The anode can operate following a semiplateau with 
a specifi c capacity of 460 mAh g −1 and average voltage value of 
about 0.2 V versus Li + /Li, while the LiFePO 4 shows a revers-
ible capacity of 150 mAh g −1 and average working voltage of 
about 3.5 V versus Li + /Li. The above reported numbers require 
a proper cell balance during coupling the GNPs anode with the 
LiFePO 4 cathode, see experimental section, in order to ensure 
effi cient lithium ion battery operation. Figure  3 d reports the 
galvanostatic voltage profi le of the above full lithium-ion battery 
cycled at C/10 rate using the Py 14 TFSI–LiTFSI, EC–DMC-added 
electrolyte. The fi gure shows a cell working voltage of about 2.4 
V and a stable capacity of 150 mAh g −1 , with an estimated theo-
retical energy density of 360 Wh kg −1 . The fi gure clearly evi-
dences a voltage shape resulting by the combination of GNPs 
anode and LiFePO 4 cathode profi les, in particular in the region 
ranging between 3 and 1.5 V during the discharge. The cell 
reveals a minor increase of the polarization during cycling, i.e., 
a trend already observed for half-cell using the LiFePO 4 cathode. 
 3.  Conclusions 
 Graphene and graphene oxide based anodes have been widely 
exploited in lithium-half cell systems, revealing a stable capacity 
ranging between 300 and 600 mAh g −1 for over 100 cycles. [ 43,44 ] 
However, only few works demonstrated the practical use of 
graphene in the replacement of the Li-metal anode in Li-full 
cell. [ 8,31 ] Herein, we developed a graphene nanoplatelets (GNPs) 
electrode able to deliver a stable capacity of about 450 mAh g −1 
(exceeding by 25% the conventional graphite capacity) for over 
300 cycles in conventional electrolyte. Furthermore, we dem-
onstrated the suitability of GNPs in an effi cient Li-ion battery 
using a proper balance and originally employing an IL-based 
electrolyte. The lithium-ion battery originally combines the 
high performances anode, a safe Py 1,4 TFSI–LiTFSI–EC–DMC 
electrolyte and a low cost, environmentally friendly LiFePO 4 
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 Figure 3.  a) Voltage profi les from 2nd to 10th of the Li/Py 1,4 TFSI–(EC–DMC,1:1) 70–30, LiTFSI 0.2 m/GNPs (current 74.4 mA g −1 ) and b) of the Li/
Py 1,4 TFSI–(EC–DMC,1:1) 70–30, LiTFSI 0.2 m/LiFePO 4 (current 17 mA g −1 ). c) Charge–discharge voltage profi les of the GNPs anode (red curve) and 
the LiFePO 4 cathode (blue curve). d) Voltage profi les of the GNPs/Py 1,4 TFSI–(EC–DMC,1:1) 70–30, LiTFSI 0.2 m/LiFePO 4 full lithium ion battery from 
1st to 5th cycles (current rate 17 mA g −1 vs LiFePO 4 ).
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cathode. The new system evidences very promising perfor-
mances with a stable capacity of about 150 mAh g −1 delivered 
at 2.4 V. Despite needing further optimization, in particular in 
terms of cycle life, the cell herein proposed represents a suit-
able example demonstrating the practical use of graphene-
based anode in lithium-ion battery. 
 4.  Experimental Section 
 The Cu-supported anode fi lm has been prepared by casting a slurry 
of the graphene nanoplatelets solution at 70 °C with a maximum fi nal 
thickness of 10 µm and obtaining an active material loading of about 
1.0 mg cm −2 . The LiFePO 4 powder was prepared according to previous 
papers. [ 45,46 ] The cathode fi lm was prepared by blending the active 
material (80%), super P carbon (10%, Timcal), and polyvinylidene 
fl uoride (10%, Kynar Flex) in N-Methyl-2-pyrrolidone (NMP, Sigma-
Aldrich Ltd.); the slurry has been casted on aluminum foil and dried 
overnight under vacuum condition at 110 °C. The active material loading 
was of about 3 mg cm −2 . Prior to full lithium ion cell assembling, the 
Cu-supported graphene nanoplatelets electrode was partially activated 
by contacting it with a Li foil wet by LP30 solution (EC:DMC 1:1, LiPF 6 
1  M , Merck) for 30 min and then washed by DMC solution, following 
removed by vacuum for 20 min. Micro-Raman measurements were 
performed by using a Renishaw InVia spectrometer, equipped by an Ar + 
laser of 514.5 nm wavelength, with limited power and proper focusing 
conditions to avoid damage or modifi cations of the sample. The 
galvanostatic cycling tests were carried out by a Maccor battery tester 
using a coin-type cell for the lithium half-cell and a Swagelok type cell for 
the lithium-ion battery, within a 0.01–2.0 V voltage range for the GNPs 
anode, 4–2.5 V for the LiFePO 4 cathode, and 4–1.5 V for the lithium-ion 
battery. The electrolytes used in this work have been soaked in a glass 
fi ber separator (Whatman). The lithium/electrolyte interface was studied 
by Electrochemical Impedance Spectroscopy (EIS), applying a 10 mV, 
AC amplitude signal to a Li symmetrical cell in the 500 KHz–100 mHz 
frequency range. The lithium transference number was obtained by 
using the Bruce–Vincent equation, applying AC and DC polarization to a 
lithium symmetrical cell. The ionic conductivity was studied by EIS using 
a blocking electrode confi guration, i.e., stainless steel (SS)/electrolyte/
stainless steel (SS) and a 500 µm thick Tefl on-O-ring of 8 mm internal 
diameter and 16 mm external. The AC signal applied was of 10 mV 
amplitude in the frequency range of 100 kHz–100 Hz. The stripping/
deposition measurements were performed by using a galvanostatic 
current of 0.1 mA cm −2 with a time limit of 1 h. All the above tests were 
carried out using a Modular Potentiostat/Galvanostat (VSP) Biologic 
instrument. The IL solution was prepared by dissolving 0.2 mol of LiTFSI 
(Solvionic) in 1 kg of Py 1,4 TFSI (Solvionic). 
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